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Abstract
In various ferroelectric actuator applications, the active material is exposed to mechanical prestress. This is often
caused by unintended clamping, such as for smart materials with embedded ferroelectric components. In other cases,
the stress is applied on purpose to enhance the transducer performance or to prevent from tensile forces. Hence, the
development of models, describing the transducer behavior under combined, electro-mechanical loading conditions
is essential. In our previous work, we proposed an analytic weight function for the scalar Preisach hysteresis oper-
ator. The model was further enhanced to describe the dynamic material behavior of piezoceramic actuators. Here,
we address the inﬂuence of uniaxial mechanical prestress on the polarization hysteresis by conducting measurements
on lead zirconate titanate samples. A parameter study is performed to investigate, how the weight function can be
extended to a formulation incorporating prestress. The resulting simulations coincide very well with measurements.
c© 2011 Published by Elsevier Ltd.
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1. Introduction
Ferroelectric materials, especially piezoceramics such as lead zirconate titanate (PZT), have been of great interest
for many sensor and actuator applications over the past decades. The reason for their popularity lies in their unique
properties, such as high coupling coeﬃcients, fast response times and large operating forces. For various actuator
tasks, large excitation signals are required to generate high forces or large strain outputs. However, these signals result
in a non-linear response of the piezoelectric material. The characteristics is further inﬂuenced by creep, the frequency
spectrum of the excitation signal, and by ambient conditions such as temperature and mechanical preloads. This
complicated hysteretic large-signal behavior is a major drawback and its characterization poses a challenge to research.
In our previous work [1], we proposed a new Preisach model to simulate the ferroelectric polarization hysteresis. The
model was later enhanced to cover the eﬀects of creep and the variation of the excitation frequency [2, 3]. Here,
we focus on investigating the inﬂuence of uniaxial compressive mechanical prestress on the polarization hysteresis.
A parameter study is conducted to evaluate, how the existing model can be extended to a formulation incorporating
prestress. The simulation results are compared to measurements on lead zirconate titanate samples.
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2. Measurement
(a) (b)
Figure 1: Schematic view of the modiﬁed Sawyer-Tower circuit (a) and setup for electro-mechanical excitation (b).
2.1. Measurement principle
For measuring the electrical polarization, we utilize a modiﬁed Sawyer-Tower circuit (Fig. 1(a)) [4]. A Trek
10/10B ampliﬁer provides the high-voltage excitation signal UHV(t). The measurement capacity Cm is chosen much
higher than the capacity Cpiezo(t) of the sample. Thus, the voltage across the sample Upiezo(t) is approximately equal
to the excitation voltage UHV(t). Measuring the charge Qpiezo(t) on the electrodes without discharging the sample is
an essential part of the setup. To ensure Qpiezo(t) = Qm(t), we designed an impedance converter circuit with a very
high input resistance. This leads to the measured polarization P3,meas(t) in 3-direction
P3,meas(t) =
Qpiezo(t)
Apiezo
− ε0 · E3(t) = Cm · Um(t)Apiezo − ε0 ·
UHV(t)
dpiezo
, (1)
with the electrode surface area Apiezo and the thickness dpiezo of the samples. The electrical excitation ﬁeld is de-
noted as E3(t), whereas ε0 represents the vacuum permittivity. The mechanical prestress T3 is induced by applying
a mechanical force F3 to the sample, using a Zwick/Roell material testing machine (Fig. 1(b)). To avoid dielectric
breakdown, the sample is placed in an oil bath. The whole setup is automated using a LabVIEW program.
2.2. Measurements
We have investigated samples fabricated out of Pz27, a soft PZT material manufactured by Ferroperm Piezoce-
ramics A/S. The discoidal samples have a diameter of 25mm and a thickness of 2mm. The compressive mechanical
preload F3 was gradually increased up to F3,max = 45 kN. At equidistant preload levels (ΔF3 = 2.5 kN), the applied
force, and consequently the resulting mechanical prestress was held constant. Then, a sinusoidal electrical voltage
signal was applied to the samples. An amplitude of UˆHV = 4 kV at f = 0.1Hz leads to saturation of the electrical
polarization and to a full polarization reversal. The measured hysteresis curves are displayed in Fig. 2(a).
3. Hysteresis model
The Preisach-type hysteresis models are a particular class of phenomenological hysteresis models. They are all
based on the superposition of fundamental switching operators γαβ, by utilizing the mathematical Preisach operator [5]
P3,model,n(k) = H[E3,n](k) =
∫∫
α≥β
μ(α, β)γαβ[E3,n](k)dαdβ . (2)
For the ferroelectric polarization hysteresis, input and output of this operator are the electrical ﬁeld strength E3,n(k)
and the electrical polarization P3,model,n(k), both normalized and discretized with respect to time. The fundamental
switching operators γαβ are applied to the electrical ﬁeld E3,n(k). They are deﬁned as
γαβ[E3,n](k) =
⎧⎪⎪⎪⎨⎪⎪⎪⎩
+1 : E3,n(k) ≥ α
γαβ[E3,n](k − 1) : β < E3,n(k) < α .
−1 : E3,n(k) ≤ β
(3)
The weighting μ(α, β) of the switching operators primarily deﬁnes the shape of the hysteresis loops and is therefore
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crucial to precise modeling. Contrary to common approaches [5, 6], we use an analytic weight function
μDAT (α, β) =
B
1 + {[(α + β)σ1]2 + [(α − β − h)σ2]2}η . (4)
The parameters of this weight function are identiﬁed by solving the least squares problem of measured and mod-
eled polarization. The main advantage of analytic weight functions lies in the possibility of incorporating ambient
conditions and dynamic behavior [3] as well as in a reduced computing eﬀort.
3.1. Towards a formulation covering uniaxial compressive prestress
A parameter study was performed with our model to determine the parameters’ sensitivity to mechanical prestress.
The goal was to ﬁnd a preferably small set of parameters, relevant to describe the inﬂuence of prestress. Only certain
combinations of parameters were determined, while keeping the other parameters ﬁxed during the identiﬁcation pro-
cess. This procedure was performed for every single prestress-inﬂuenced hysteresis using the same set of start values.
The best trade-oﬀ between accurate simulation results and a small amount of parameters turned out to be the combi-
nation of η, B and h (Eq. 4). The distinct parameter variation with prestress (Fig. 2(b)) indicates a high sensitivity and
thus a good choice of the parameters. In addition, the smooth characteristics allows for an analytic formulation of a
weight function incorporating prestress. Fig. 2(a) shows a comparison of the resulting simulations and measurements.
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Figure 2: Measured and simulated hysteresis for diﬀerent prestress conditions (T3 = n · 15.279MPa; n = 0, 1, 2, ...6 ) (a). Prestress-dependent
variation of normalized model parameters for parameter study (b).
4. Results and discussion
To understand the inﬂuence of mechanical prestress on the polarization hysteresis, an analysis of the material
on its microscopic scale is essential. Below Curie temperature, the crystal unit cells of PZT are of tetragonal or
rhombohedral shape and exhibit electrical dipoles orientated along the longest crystal axes. Regions with equal
dipole orientation are referred to as domains. They can be reorientated by applying external loads. For pure electrical
excitation, the domains switch in such a way, that the dipoles and thus the longest crystal axes are orientated in parallel
to the electrical ﬁeld. In contrast, pure compressive mechanical loading provokes domain switching yielding dipole
orientations perpendicular to the applied stress. Here, the material is exposed to both, uniaxial compressive prestress
T3 and an electrical ﬁeld E3, each orientated in 3-direction. Fig. 3 illustrates the variation of characteristic hysteresis
properties with applied prestress T3. In addition to the coercive ﬁeld Ec, maximum Pmax and remanent polarization
Prem are displayed in Fig. 3(a) and (b). The polarization energy density wpol (Fig. 3(c)) describes the energy per volume
unit required for a full polarization reversal. It can be interpreted as the prestress-dependent area inside the hysteresis
loop. Fig 3(d) depicts the variation of the relative diﬀerential permittivity εTr,d, which represents the large-signal
dielectric properties. This parameter is deﬁned as the slope of the hysteresis at remanent polarization, divided by the
vacuum permittivity. The mechanical prestress applied to the specimen before electrical excitation leads to a partial
depolarization. This is accompanied by a nonlinear decrease of the characteristic properties Ec, Pmax, Prem and wpol.
Contrary to that, an increase of εTr,d can be observed up to a critical prestress level of about 30MPa. The enhancement
of the dielectric properties is caused by the domains, switched perpendicular to the electrical ﬁeld due to the applied
1616  F. Wolf et al. / Procedia Engineering 25 (2011) 1613 – 1616
stress. This minimizes the energy required for a polarization reversal induced by E3. However, with increasing T3,
more and more domains cannot be fully reorientated by E3, leading to a ﬁnal decrease of εTr,d. The variation of the
polarization energy density, as well as of the characteristic points Ec, Prem and Pmax can be simulated very well with
a parameter variation as pictured in Fig. 2(b). Notwithstanding, the simulation of the relative diﬀerential permittivity
εTr,d could be improved, whereas the overall development with prestress also coincides quite well in this case.
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Figure 3: Comparison between measurement and model output of characteristic hysteresis properties: Coercive ﬁeld strength Ec (a), maximum and
remanent polarization (Pmax, Prem) (b), polarization energy density wpol (c) and relative diﬀerential permittivity εTr,d (d).
5. Conclusion
The results show that our model is applicable to describe the inﬂuences of combined electro-mechanical loading
on the polarization hysteresis. A distinct and smooth variation of the model parameters was observed for the parameter
study. This allows for an analytic formulation of a weight function, covering the inﬂuences of uniaxial compressive
prestress. The simulations of characteristic hysteresis properties coincide very well with measurements. Previous to a
decision on the ﬁnal implementation, further measurements, also with smaller amplitudes have to be performed.
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